ing and downloading. The CABS model (Kolinski, 2004 ) assumes a united atom representation of polypeptide chains with up to four centers of interactions per residue: alpha carbon (CA), beta carbon (B), the center of mass of the remaining portion of the side (S) group, and the center of virtual Cα-Cα bond. Its force field consists of knowledge-based statistical potentials derived from a careful analysis of structural regularities seen in experimentally determined protein structures. The effect of the solvent is treated in an implicit fashion. It has been demonstrated that the CABS model and its earlier versions are very efficient tools for protein modeling allowing de novo structure prediction, extension of the range of applicability of comparative modeling, and other related applications in computational proteomics and protein biophysics. Probably the best proof of the versatility and capability of this new modeling tool was provided by the results of the 6th Community Wide Experiment on the Critical Assessment of Techniques for Protein Structure Prediction -CASP6, which was conducted in the summer of 2004 Computer simulations of protein folding with all-atom representation of protein conformational space are still not practical. The enormous number of internal degrees of rotational freedom and the very complex intramolecular and intermolecular interactions, especially when the surrounding solvent is treated in an explicit fashion, prohibit molecular dynamics (MD) study of long time-scale processes in proteins (Lee et al., 2001) . Indeed, globular proteins fold in milliseconds to seconds (Anfinsen & Scheraga, 1975) (although there are exceptions of extremely fast and extremely slow folding processes), which is far beyond the capabilities of contemporary MD computational technology. Thus, it is necessary to simplify the problem by reducing protein representation and by designing a less rugged energy landscape of model proteins (Kolinski & Skolnick, 1996; 2004; Boniecki et al., 2003) . Ideally, these simplifications should not decrease the resolution of a model to a level where a reliable reconstruction of at least some atomic details becomes impossible. Such a protein model has been described recently in great details and its force field is available from our homepage h�p://biocomp.chem.uw.edu.pl for view- In this work we analyze the effects of various types of molecular interactions on the conformational properties of a CABS model protein and a�empt to relate these effects to specific physical interactions in real systems. Then, we demonstrate that, in spite of the statistical origin of the interaction scheme, the CABS model reproduces semi-quantitatively the mechanism of protein folding. The model system selected for this study is the B1 immunoglobulinbinding domain of Streptococcal protein G (PDB code 2gb1) (Gronenborn et al., 1991; Wikstrom et al., 1994) . Figure 1 shows a schematic drawing of the protein's native conformation. Although this protein is very small (56 amino acids) its fold is very stable and well-defined. At the same time the fold topology is quite complicated for a protein of this size and consists of a four-ribbon β-sheet with a helix on top of it. Thus, it is a perfect system for rapid testing of folding algorithms.
Computer simulations of protein folding with all-atom representation of protein conformational space are still not practical. The enormous number of internal degrees of rotational freedom and the very complex intramolecular and intermolecular interactions, especially when the surrounding solvent is treated in an explicit fashion, prohibit molecular dynamics (MD) study of long time-scale processes in proteins (Lee et al., 2001) . Indeed, globular proteins fold in milliseconds to seconds (Anfinsen & Scheraga, 1975) (although there are exceptions of extremely fast and extremely slow folding processes), which is far beyond the capabilities of contemporary MD computational technology. Thus, it is necessary to simplify the problem by reducing protein representation and by designing a less rugged energy landscape of model proteins (Kolinski & Skolnick, 1996; 2004; Boniecki et al., 2003) . Ideally, these simplifications should not decrease the resolution of a model to a level where a reliable reconstruction of at least some atomic details becomes impossible. Such a protein model has been described recently in great details and its force field is available from our homepage h�p://biocomp.chem.uw.edu.pl for view- were scored second best among about two hundred groups participating in the experiment. This group used the CABS model for molecular simulations of almost all the target proteins. A compilation of the CASP6 results may be found either at the CASP6 homepage h�p://predictioncenter.llnl.gov/casp6/ or in the form of a short summary at our homepage h�p://biocomp.chem.uw.edu.pl. A detailed analysis and assessment of CASP6 results is provided in a special 2005 issue of the journal Proteins: Structure, Function, and Bioinformatics. In this work we analyze the effects of various types of molecular interactions on the conformational properties of a CABS model protein and a�empt to relate these effects to specific physical interactions in real systems. Then, we demonstrate that, in spite of the statistical origin of the interaction scheme, the CABS model reproduces semi-quantitatively the mechanism of protein folding. The model system selected for this study is the B1 immunoglobulinbinding domain of Streptococcal protein G (PDB code 2gb1) (Gronenborn et al., 1991; Wikstrom et al., 1994) . Figure 1 shows a schematic drawing of the protein's native conformation. Although this protein is very small (56 amino acids) its fold is very stable and well-defined. At the same time the fold topology is quite complicated for a protein of this size and consists of a four-ribbon β-sheet with a helix on top of it. Thus, it is a perfect system for rapid testing of folding algorithms.
CABS MODEL: REPRESENTATION, FORCE FIELD AND SAMPLING SCHEME
Detailed description of the design of the CABS model may be found in the recent publication (Kolinski, 2004) . Here an outline is provided for the reader's convenience. The framework of a polypeptide chain representation is its Cα-trace, restricted to the underlying simple cubic la�ice with the mesh size equal to 0.61 Å. The virtual bonds between alpha carbons belong to a set of 800 vectors of the type v = [i, j, k] with integer coordinates i, j, k and with the vector's length defined by the following inequalities: 29 ≤ |v| 2 ≤ 49. Such choice allows representation of crystallographic structures with an accuracy of about 0.35 Å cRMSD as measured on the alpha carbons a�er the best superposition. The Cα-trace provides a convenient reference system for defining the positions of the remaining united atoms, which are not restricted to the la�ice. Relative positions of the Cβs and the centers of the side groups are derived from the statistics of known protein structures. Only two rotamers (the most probable ones) are allowed for the side groups. Cαs, Cβs, and centers of the Cα-Cα virtual bonds are treated as hard spheres, while the side groups are so� spheres. Figure 2 shows a schematic illustration of a short fragment of a CABS model polypeptide chain.
The model force field contains several components simulating physical interactions in real proteins. First, there are short-range conformational biases which impose a protein-like chain stiffness. In the spirit of polymer physics terminology shortrange means here interactions between united atoms that are close to each other along the chain contour, i.e., are separated by one, two or three residues. The long-range means interactions between the united atoms, which are close in space, although separated by at least two segments along the chain (Kolinski, 2004) . The second type of interactions is a set of sequence specific interactions which determine short-range conformational propensities. The third component of the force field is the highly directional potential simulating the main-chain hydrogen bonds. Model hydrogen bonds are defined in respect to mutual orientation and distance of the alpha carbons and the centers of the Cα-Cα virtual bonds. The pairwise interactions between the side groups are "context-dependent" and they change with changing mutual orientation of the interacting side groups and with changing conformation of the corresponding two-bond segments of the main chain. Twelve distinct geometrical contexts are taken into account. The pairwise potential, being derived for folded structures, accounts in an implicit way for the averaged effect of the surrounding solvent. For single domain globular proteins an additional component of the force field was added -the one body centrosymmetric potential, describing preferences of finding particular amino-acid residues at a given relative (measured in units of the expected radius of gyration of the native structure) distance from the center of gravity of the chain. All the potentials Only the alpha carbon trace is shown for the sake of clarity. The color code changes from blue at the N-terminus to red at the C-terminus.
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Modeling of protein folding mechanism were derived from the statistical regularities seen in a non-redundant database of high-resolution protein structures.
All simulations were performed at isothermal conditions using classical asymmetric Metropolis (Metropolis et al., 1953) scheme, with a set of local conformational updates described elsewhere (Kolinski, 2004) . The local character of the conformational transitions selected in a random mechanism leads to qualitatively correct long time dynamics of the model system. Long trajectories were generated and carefully analyzed for each case of selected subsets of model potentials. We inspected the average conformational properties of short protein fragments, average conformations of the entire protein and its dynamics along the trajectory.
ROLE OF VARIOUS INTERACTIONS IN PROTEIN FOLDING
In order to elucidate the effect of particular components of the model force field a series of simulations were performed with increasing "completeness" of the interaction scheme. With a single exception (discussed later) all the computational experiments were done at a reduced dimensionless temperature (measured in energy of interaction units) T = 1.5. This temperature is close to the collapse transition temperature, which was determined in a separate set of simulations. The relative scaling of particular interactions follows that obtained for optimized potentials described in previous publications (Boniecki et al., 2003; Kolinski, 2004) . All studied systems had the same excluded volume interactions and so�-core repulsions (scaling factor 4) of the side groups.
System with one-body centrosymmetric potential (S1)
Such a system simulates a simple hydrophobic collapse model of protein folding. The strength of the centrosymmetric potential is assumed to be equal to 1, as in all of the remaining experiments described below. The chain is completely flexible. While the hydrophobic residues tend to be buried inside the forming globule, the polar and charged residues tend to be exposed. This simulation addresses the long-standing question: Can the hydrophobic collapse itself induce formation of elements of secondary structure? (Dill et al., 1995) . The answer is that the effect is very small, if not negligible. Analysis of the simulation trajectories shows that the expanded random coil and more compact, partially collapsed, chains have very similar average local conformations, which can be described as loosely defined and fluctuating extended fragments punctuated by more flexible bent fragments. The fragment which corresponds to the helix in the native structure has also mostly extended conformations. Interestingly, the bent fragments correlate weakly with the turn regions in the native structure. This is not surprising as these turn regions are more hydrophilic than the rest of the sequence. Therefore, the centrosymmetric potential favors their average location on the surface of the collapsed globular states. This is illustrated in Fig. 3 , where the average cRMSD from the corresponding native structure for seven-residue fragments is plo�ed as a function of the fragment position along the chain. The value of cRMSD for the i-th residue corresponds to the fragment spanning residues from i-3 to i+3. Since most of the molecule (on average) adopts irregular extended conformations the values of cRMSD for the β-strand regions in the native structure (marked by black bars) is systematically lower (about 2.5 Å) than for the helical (grey bar) and turn fragments, where it is in the range of 3.5-4.0 Å, which is characteristic for essentially random correlations.
System with one-body centrosymmetric potential and short-range interactions (S2)
Introduction of short-range interactions does not change the general picture described in the previous section (see also Fig. 3 ). Generic protein-like stiffness (scaling factor 1.0) and sequence-specific short range conformational propensities (scaling factor 0.5) influence essentially only the putative β-sheet regions, where the average distance from the native structure decreases to about 2.0 Å. The putative helix forms very rarely, most of the time remaining in a loosely defined and rapidly changing extended state. Why the short-range interactions enhance the β-strands but not the helix? The most likely explanation is related to the different entropy of the two types of local structure. The extended basin is wider. There is a huge number of possible geometrical arrangements of disordered expanded structures, while the helical basin is narrow with a much smaller number of possible helix-like conformations.
System with hydrogen bonds (S3)
In these simulations, on top of the interactions of the S2 system, a model of main chain hydrogen bonds was turned on (scaling factor -2.5). The results are illustrated in Fig. 4 (solid line) . In these simulations the central helix is very well defined and dissolves only occasionally for short periods of time. The average cRMSD for the helix is below 1.0 Å. For the remaining portions of the model chain the average cRMSD from the native structure is large. These regions are defined more poorly than in the system without hydrogen bonds (S2). Again, the reason is of entropic nature. The short range helical hydrogen bonds are easy to form and propagate. The loss of entropy per one hydrogen bond is small. In contrast, to form even a single long range hydrogen bond in a β-sheet requires a huge reduction of the conformational freedom of the two involved strands. Large values of cRMSD for the non-helical parts of the chain are due to frequently formed small helical fragments, even in the putative β-strand regions.
Simulations with complete force field (S4)
Adding pairwise interactions of the side groups to the set of interactions of the S3 system completes the force field of the CABS model. The results are illustrated in Fig. 4 (dashed line) . The pairwise interactions change dramatically (when compared to the S3 system) the properties of the putative strands, while the effect on the helical region is less significant. Here the average accuracy of the helix (measured as the cRMSD from the native helix in the best superposition) approaches the resolution limit of the model and is about 0.5 Å. Also the β-strands frequently adopt the native-like conformations, especially the C-terminal hairpin. The average cRMSD is in the neighborhood of 1.0 Å. The largest deviations from the native local conformation are observed for the second strand, which is the N-terminal edge strand of the sheet. This is not surprising as buried strands in sheets usually have a more regular structure and are structurally more stable than the edge strands. The entire protein frequently adopts a loosely defined native fold, however, plentiful of misfolded conformations are observed along the trajectory. These misfolded structures have essentially correct elements of secondary structure, but their topology (for example the order of strands in the sheet) is frequently incorrect. Also the packing angle of the helix on top of the sheet may happen to be wrong in numerous "partly" misfolded structures. The mechanism of the fold assembly and some additional aspects of fold stability are discussed in the The solid line corresponds to simulations of the system S3 with excluded volume, one-body centrosymmetric potential, the short range interactions and main chain hydrogen bonds. The dashed lines (system S4) is for simulations with complete force field, i.e., with the pairwise interactions of the side groups added to the interaction scheme of the S3 system. In both cases the reduced temperature of the model systems was T = 1.5. For the complete force field (S4) the picture is similar at the somewhat higher temperature T = 1.75, although the mobility of the system is much higher.
Modeling of protein folding mechanism
next section. Here, it should be just noted that the proposed force field of the CABS model is capable of a very rapid assembly of a native-like structure of the 2gb1 protein domain. It should be pointed out that the input data for the simulations did not contain any information about the native or predicted secondary structure. Therefore, these simulations could be considered as purely de novo in silico folding experiments within the framework of a knowledge-based approach to the design of the force field. Other small proteins behave in a similar fashion. The more complex the topology and the larger the protein the less frequently the native fold is observed. Also the required simulation time grows rapidly with the size of the system studied.
FOLDING MECHANISM OF THE B1 DOMAIN OF PROTEIN G
Studies of the folding mechanism were performed at the reduced temperature T = 1.75, which is slightly above the folding transition temperature. The increased temperature increases significantly the system's mobility. Consequently the folding-unfolding events could be observed many times during a single long isothermal simulation. Figure 5 shows the cRMSD for the entire structure as a function of the simulation time. One can see a wide range of cRMSD values, from about 3 Å, which corresponds to low-resolution native-like conformations, to about 14 Å, the value for completely misfolded (or unfolded) states. A more careful inspection of the flowchart indicates a periodical behavior. System tends to stay for a period of time near the native conformation and then there is a rapid transition to an unfolded/misfolded structure. This suggests a cooperative character of the folding process (Finkelstein & Shakhnovich, 1989; Kolinski et al., 2003) . A number of folding/unfolding cycles are clearly visible. Indeed, according to the vast body of experimental evidence such small one-domain monomeric proteins should fold rapidly and reversibly in a cooperative fashion (Finkelstein & Shakhnovich, 1989) .
Figures 6-8 show corresponding flowcharts where the cRMSD is measured for parts of the structure: the N-terminal hairpin, the helix and the Cterminal hairpin, respectively. Comparison of these flowcharts leads to several interesting observations. First, the helix and the C-terminal hairpin fold to a very high resolution of about 0.5 Å, while the N-terminal hairpin folding is less accurate and the best folded structures are about 1 Å from the native. Second, the folding of both hairpins is much faster than the folding of the entire protein. No periodic behavior could be detected in the timescale of the plotthe folding time is less than the assumed time-unit of the simulations. In contrast, a clear signature of periodicity could be observed in the helix flowchart. This indicates that the assembly of the helix is the rate-controlling folding event. Indeed, the periodicity of the entire protein folding flowchart and the flowchart of the helix are clearly correlated. Third, folding of the helix and the C-terminal hairpin is cooperative. There is a clear gap in the population of intermediates, the majority of structures have values of cRMSD characteristic for either near-native or completely unfolded states. A crude comparison of the relative populations of these two types of structures shows that at the experiment temperature T = 1.75 the relative frequency of folded structures is larger for the C-terminal hairpin than for the helix. Thus, the hairpin is more stable than the helix. It is known from several experiments (Kuszewski et al., 1994; Frank et al., 1995) and from computational studies (Munoz et al., 1997; Sheinerman & Brooks, 1998; Kolinski et al., 1999; Klimov & Thirumalai, 2000; Zhou et al., 2001; Karanicolas & Brooks, 2002; Bolhuis, 2003; Ma & Nussinov, 2003; Brown & Head-Gordon, 2004 ) that the peptide identical with the C-terminal hairpin of protein G behaves as a small globular protein; it is stable in solution and folds in a cooperative fashion. There is one more interesting feature of the C-terminal flowchart. The most populated are structures with the cRMSD from native one in the range of 2.5-4.0 Å. This actually could be quite physical. This hairpin folds more frequently than the entire protein does. The folded isolated hairpin does not need to have exactly the same structure as the hairpin in the native fold of protein G. Very likely the twist of this minimal sheet would be somewhat different, however, as the plot in Fig.  8 indicates, such isolated mini-protein has a very well-defined structure, with the same long-range interaction pa�ern as the one present in the protein G hairpin.
An additional insight into the mechanism of protein G folding could be gained from analysis of the series of snapshots shown in Fig. 9 . All the structures are compact, although the average radius of gyration is by about 30% larger than that of the native 2gb1 structure. In the majority of the snapshots the N-terminal and the C-terminal hairpins are intact. A completely assembled helix is observed less frequently. On several snapshot, the contacting N-terminal and C-terminal strands have the correct, native-like, orientation. In general, most of the snapshots have several features of the molten globule state.
Compilation of the observations from the density of states and the periodicity seen in the flowcharts (Fig. 5-8 ) and from the representative snapshots from the simulation trajectory (much more snapshots have been inspected) leads to the formulation of the following most probable folding pathway. The nucleation occurs frequently via assembly of a slightly distorted C-terminal hairpin (Honda et al., 2000) . Then, the N-terminal hairpin assembles on the C-terminal hairpin scaffold, starting usually by zipping-up the N-terminal strand with the C-terminal one. Subsequently, the resulting β-sheet serves as a scaffold for the helix assembly and slow adjustment of its orientation in respect to the sheet, accompanied by simultaneous deformation of the β-sheet towards a more native-like twist. The last events appear to be the most time-consuming stages of the fold assembly. It is unclear how long it takes to fine-tune the interaction of the side chains. Anyway, this aspect of the folding process could be significantly biased in our simulation due to a rather crude representation of the side chains (two united atoms and only two rotamers available). Nevertheless, the picture of the fold assembly mechanism emerging from these simulations seems to be in at least qualitative agreement with known experimental facts (Kuszewski et al., 1994; Blanco & Serrano, 1995; Kobayashi et al., 1995; Honda et al., 2000; McCallister et al., 2000) .
Finally, a bit speculative (albeit plausible) conclusion could be drawn from the present studies. It is now very well recognized that the knowledgebased approaches are very powerful tools for protein structure prediction. The present studies strongly suggest that the denatured state and the folding mechanism could also be studied with the help of the knowledge based force field built on properly designed statistical potentials. This conclusion is not so surprising in the context of recent studies indicating a much higher level of native-like local structure and compactness in the denatured state of proteins than assumed previously.
CONCLUSIONS
In this work we have shown that a minimal set of knowledge based potentials for a model assuming reduced, united atom, representation of protein conformational space requires short-range interactions mimicking protein-like stiffness of the model chain, a model of main chain directional hydrogen bonds and properly designed amino acid specific 
